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prompt further work, and debate, in the
future.
REFERENCES
Brar, G.A., and Amon, A. (2008). Nat. Rev. Genet.
9, 899–910.
Clarke, A., and Orr-Weaver, T.L. (2006). Dev. Cell
10, 544–547.
Kitajima, T.S., Sakuno, T., Ishiguro, K., Iemura, S.,
Natsume, T., Kawashima, S.A., and Watanabe, Y.
(2006). Nature 441, 46–52.
Peters, J.M., Tedeschi, A., and Schmitz, J. (2008).
Genes Dev. 22, 3089–3114.
Riedel, C.G., Katis, V.L., Katou, Y., Mori, S., Itoh,
T., Helmhart, W., Galova, M., Petronczki, M., Gre-
gan, J., Cetin, B., et al. (2006). Nature 441, 53–61.
Sakuno, T., and Watanabe, Y. (2009). Chromo-
some Res. 17, 239–249.
Salic, A., Waters, J.C., and Mitchison, T.J. (2004).
Cell 118, 567–578.
Tang, Z., Shu, H., Qi, W., Mahmood, N.A., Mumby,
M.C., and Yu, H. (2006). Dev. Cell 10, 575–585.
Virshup, D.M., and Shenolikar, S. (2009). Mol. Cell
33, 537–545.
Xu, Z., Cetin, B., Anger, M., Cho, U.S., Helmhart,
W., Nasmyth, K., and Xu, W. (2009). Mol. Cell 35,
426–441.
Developmental Cell
PreviewsOrchestrating Twosome and Foursome
Chromosome Parties
Paul Kalitsis1,* and K.H. Andy Choo1,*
1Murdoch Childrens Research Institute, Royal Children’s Hospital and Melbourne University Department of Paediatrics, Parkville, Melbourne,
Victoria, 3052, Australia
*Correspondence: paul.kalitsis@mcri.edu.au (P.K.), andy.choo@mcri.edu.au (K.H.A.C.)
DOI 10.1016/j.devcel.2009.08.013
The conserved centromere protein C (CENP-C) is indispensable for kinetochore function. Yet its mechanism
of action has remained elusive. In this issue of Developmental Cell, Tanaka et al. report that the fission yeast
homolog, Cnp3, acts as a linker protein that fulfills a variety of different roles in the bi- andmono-orientation of
chromosomes during mitosis and meiosis I.Kinetochores are multisubunit protein
complexes that assemble at centromeres
and connect microtubules to chromo-
somes during cell division. The fission
yeast, S. pombe, is an excellent model
organism for the functional analysis of
kinetochore proteins because it can be
efficiently manipulated and shares many
of the complex features of higher eukary-
otic kinetochores. Centromeres of both
S. pombe and higher eukaryotes com-
prise tandemly repeated DNA flanked by
blocks of heterochromatin. The centro-
meric chromatin is epigenetically defined
by the histone H3-like protein, CENP-A,
onto which a constitutive centromere-
associated network (CCAN) of proteins
binds through a hierarchical pathway
that lays the foundations for the assembly
of the kinetochore complexes (Hori et al.,
2008). The outer kinetochore complexes
capture the spindle microtubules that
are essential for the accurate distribution
of sister chromatids to daughter cells.
Over the last 10 years, researchers have
made significant inroads toward identi-
fying the constituent components of thehighly dynamic macromolecular structure
of the kinetochore using proteomics and
bioinfomatics approaches. To date, over
80 kinetochore proteins have been identi-
fied in humans and over 50 in yeast
(Santaguida and Musacchio, 2009). The
challenge now is to elucidate the roles of
these proteins, their complex patterns of
interaction during the cell cycle, and their
potential relevance to human disease.
One such protein is CENP-C, a centro-
mere-specific protein that localizes to the
inner kinetochore plate and binds directly
to DNA. CENP-C is an elongated protein
that links kinetochore subcomplexes.
Depletion of CENP-C in vertebrates, fly,
worm, and budding yeast causes the
loss of several kinetochore proteins,
weakening kinetochore-spindle microtu-
bule attachment and resulting in cata-
strophic mitotic chromosome missegre-
gation and cell death (Kalitsis et al.,
1998; Kwon et al., 2007). The study of
the role of CENP-C during meiosis has so
far been limited to the special holocentric
chromosomes of the worm, C. elegans,
where it remains debatable whether theDevelopmental Cell 17, Sprotein is required for meiotic chromo-
some segregation. A study from Tanaka
et al. (2009) now explores the mitotic and
meiotic roles of CENP-C in fission yeast.
The study finds interactions between
CENP-C and several different kinetochore
proteins and uncovers an alternative
kinetochore assembly pathway.
To study how the CENP-C homolog of
the fission yeast (designated Cnp3 or
CENP-CCnp3) works, Tanaka and col-
leagues used yeast-two-hybrid assays
to demonstrate that the N-terminal
half of CENP-CCnp3 interacts directly
with the constitutive centromere protein
CENP-LFta1 and the microtubule-clamp-
ing protein Pcs1 (found only in yeast) (Ta-
naka et al., 2009). Deletion of CENP-
CCnp3 results in the loss of CENP-LFta1
and Pcs1 and is expected to seriously
compromise kinetochore assembly, but,
surprisingly, some cells are viable, albeit
exhibiting high rates of mitotic chromo-
some segregation errors and very slow
growth. Interestingly, this severe pheno-
type could be suppressed by over-
expression of CENP-LFta1, suggestingeptember 15, 2009 ª2009 Elsevier Inc. 305
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ochore assembly that does
not require CENP-C, in addi-
tion to the primary pathway
that does. This alternative
pathway turns out to involve
the recently identified centro-
mere DNA-binding protein
CENP-TCnp20, which was first
implicated as a CENP-C
suppressor in chicken DT40
cells some years ago
(Fukagawa et al., 2001).
Further culturing of the
CENP-CCnp3-deleted cells
produced spontaneous
mutants that suppressed the
chromosome missegregation
phenotype, turning it from
severe to mild and allowing
better cell growth. The
authors identified the mutant
gene as pst2, a subunit of
the Clr6 histone deacetylase
complex II. The pst2 mutation
alone does not cause any
mitotic or meiotic defects.
However, it allows kineto-
chore assembly in the
absence of CENP-CCnp3. It is
known that the integrity of
centromeric chromatin is
regulated by histone acetyla-
tion status, with mutations in
the histone acetyltransferase
and deacetylase genes
showing opposing effects on
the centromeric chromatin.
The fact that pst2 mutations
can suppress the kinetochore
defects caused by CENP-
CCnp3 mutations led Tanaka
and colleagues to suggest
that elevation of centromeric
histone acetylation facilitates
kinetochore assembly in
CENP-CCnp3-deleted cells (Tanaka et al.,
2009). However, as a different study has
shown that a mutation of the Clr6 de-
acetylase gene does not alter the acetyla-
tion status of the centromeric chromatin
(Hayashi et al., 2004), it remains to be
determined what the specific mechanistic
effect of the pst2 mutation is on centro-
meric chromatin structure.
In addition to the above results, Tanaka
and colleagues report a meiotic role of
CENP-CCnp3, the first such role for this
protein. One of the striking differences
between mitosis and meiosis I is the phys-
ical arrangement of sister kinetochores
(Figure 1). During mitosis, kinetochores
are arranged back-to-back to ensure that
sister kinetochores are bound by opposite
spindle microtubules, whereas in meiosis I,
the sister kinetochores of each homo-
log remain in a side-by-side (mono-orien-
tation) arrangement to ensure that both
sisters are segregated to the same pole.
The Watanabe laboratory has previously
identified a kinetochore protein, Moa1,
that holds sister kinetochores together
during meiosis I (Yokobayashi
and Watanabe, 2005). Tanaka
et al. (2009) now describe a
physical interaction between
Moa1 and the C-terminal
end of CENP-CCnp3 using
the yeast-two-hybrid assay.
They show that deletion of
CENP-CCnp3 results in the
loss of Moa1 in meiosis I and
in a defect in kinetochore
mono-orientation.
Unlike higher eukaryotes
and fission yeast, the kineto-
choreof budding yeast,S.cer-
evisiae, binds only one spindle
microtubule and is considered
to represent a single unit of the
multisubunit centromeres of
other eukaryotes. Budding
yeast contains a four-protein
monopolin complex that is
required for the mono-orienta-
tion of its single microtubule-
binding kinetochore during
meiosis I. Although this com-
plex appears tobe functionally
equivalent to that of the fission
yeast Moa1, there is no
obvious homolog of Moa1 in
budding yeast; however, two
of the monopolin subunits
appear to be counterparts of
the fission yeast microtubule-
clamping proteins Pcs1 and
Mde4. Intriguingly, these two
proteinsdonot have anykinet-
ochore role in meiosis I but do
so in mitosis and meiosis II of
fission yeast, meaning that
the sister kinetochore-linking
role seen in meiosis I of
budding yeast is now per-
formed in mitosis and meiosis
II of the multisubunit centro-
meres of fission yeast (Gregan
et al., 2007). Such a linking role prevents
the multi-subunit kinetochore from twisting
and binding to spindle microtubules from
both poles. Despite this difference, both
systems share common underlying DNA-
binding proteins like CENP-CCnp3 and
CENP-ACnp1. In a paper just published, Li
and Dawe (2009) have shown that CENP-
C also underpins the meiosis I kinetochore
structure of maize. However, here the cen-
tromere protein, MIS12, replaces the role
of monopolin/Moa1 in linking the meiosis














Figure 1. The Role of CENP-CCnp3 As a Linker Protein in S. pombe
during Mitosis and Meiosis I
(Ai) During mitosis, sister kinetochores are arranged back-to-back to allow
proper bipolar attachment of microtubules.
(Aii) During meiosis I, homologous sister kinetochores adopt a side-by-side or
fused configuration to allow correct monopolar attachment of microtubules.
(Bi) A schematic of the molecular structure of the mitotic kinetochore showing
the close association of CENP-CCnp3 with centromeric DNA that is wrapped
around the CENP-A-containing nucleosomes. CENP-CCnp3 interacts with
Pcs1/Mde4 and CENP-LFta1 subcomplexes to recruit kinetochore/microtu-
bule-binding complexes. The exact position of CENP-TCnp20 that is involved
in the alternative pathway of kinetochore assembly is presently unclear and
is therefore not shown.
(Bii) During meiosis I, CENP-CCnp3 binds to and is essential for Moa1 to keep
sister kinetochores mono-oriented.306 Developmental Cell 17, September 15, 2009 ª2009 Elsevier Inc.
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Previewsappears to be a fundamental and highly
conserved component of centromeres
in a variety of organisms, but its partners
in mitosis and meiosis are divergent.
The study of Tanaka et al. (2009),
together with other recent studies, high-
light that despite the high degree of under-
lying structural and functional conserva-
tion, significant divergent and alternative
kinetochore assembly pathways exist
among yeasts and between yeast and
higher eukaryotes. Importantly, these
studies provide critical insights into how
a centromere protein such as CENP-C is
able to play an adaptive role in both mitosis
and meiosis to ensure starkly different cor-Mechanisms of Ce
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F-BAR domains bind curved membr
et al. describe an ‘‘inverse’’ F-BAR f
neurons. These findings suggest tha
membrane morphology.
Cell migration and cell shape dynamics
are central to the development of multi-
cellular organisms with complex tissues
and organs. Coupled to migration and
cell morphology is the formation of mem-
brane protrusions such as filopodia
(Latin for ‘‘thread extensions’’). Filopodia
represent extreme cases of energetically
unfavorable peripheral evaginations, and
as such, cells must coordinate multiple
mechanisms to efficiently deform and
support the extension of these membrane
structures. Filopodia are thought to serve
as cellular ‘‘antennae’’ that explore the
extra-cellular environment, sense cues,
and signal back to the cell an appropriate
response.
The genesis of filopodia depends
primarily on the regulation of the actin
cytoskeleton. Filopodia consist of bun-
dles of unbranched actin filaments, andrect outcomes of chromosome orientation
and polar segregation.
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the generation of these filaments is
promoted by proteins such as fascin,
Mena/VASP, and formins (Mattila and
Lappalainen, 2008). Now, recent studies,
including that of Guerrier et al. (2009),
support a newly emerging view that BAR
domain superfamily proteins, which
directly mold the membrane, also facili-
tate filopodial formation in conjunction
with actin remodeling (Yang et al., 2009).
The BAR superfamily of domains is
composed of three main groups: the
Bin/Amphiphysin/Rsv (BAR) domain, the
Inverse BAR domain (I-BAR, also called
IMD domain), and the Fes-Cip4 Homo-
logy BAR (F-BAR) domain (also called
EFC domain) (reviewed in Itoh and De
Camilli, 2006) (see Figure 1). All BAR
superfamily members dimerize and dis-
play clusters of positively charged resi-
dues at their surface that interact with
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erse and regulate different types of
membrane lipids. The BAR domain recog-
nizes membranes via a concave surface
that invaginates membrane to facilitate
endocytosis (Figure 1A).
I-BAR domains, such as that of IRSp53,
induce membrane evagination, and over-
expression of these domains potently
induces cellular filopodia (reviewed in
MattilaandLappalainen,2008) (Figure1B).
Because IRSp53 also contains an SH3
domain that interacts with regulators of
the actin cytoskeleton, including Esp8,
WAVE2, N-WASP, and mDia, it serves to
couple I-BAR mediated membrane
protrusive activity with regulated actin
dynamics. IRSp53 may be held in an inac-
tive state until it binds ligands via this
SH3 domain, as it displays reduced
filopodial activity in cells lacking its
binding partners (Lim et al., 2008). Recent
work, combining quantitative analysis of
eptember 15, 2009 ª2009 Elsevier Inc. 307
